Abstract. The general concepts governing the electrochemical deposition of metal films onto semiconductors are discussed. Deposition onto semiconductor surfaces is complicated due to the band structure of the semiconductor, which affects both the thermodynamics and the kinetics of metal deposition processes. The influence of the potential distribution at the semiconductor/solution interface on the charge transfer mechanisms involved in deposition of metals is discussed. Models for electrochemical nucleation and growth are described and the influence of the unique physical properties of semiconductors is analysed. Finally, we present recent results for electrochemical deposition of gold, copper and platinum onto n-type silicon.
Introduction
Electrochemical deposition of metals and alloys onto metallic substrates plays an important role in many modern technologies. In the electronics industry electrochemical and electroless deposition are widely used for applications such as copper printed circuit boards, through-hole plating, multilayer read/write heads and thin film magnetic recording media [1, 2] . Surprisingly, there have been relatively few reports on electrochemical deposition of metals onto semiconductors despite the technological importance of metal/semiconductor contacts for Schottky junctions and metallization. The recent drive towards replacing aluminium metallization by copper in silicon device technology has led to a renewal of interest in electrochemical deposition of metals onto silicon as well as onto various barrier materials.
The thermodynamics and kinetics of deposition of metals onto semiconductor surfaces are complicated by a number of factors. The interaction energy between many semiconductors and metals is relatively weak so that deposition of metals onto semiconductor surfaces usually follows a 3D island growth (Volmer-Weber) mechanism. The deposition process may occur via the conduction band, via the valence band or via surface states. For most semiconductors, open circuit (electroless) deposition occurs via the valence band and involves holes, which may lead to oxidation of the semiconductor surface. Electrochemical deposition onto n-type semiconductors involves electrons in the conduction band and is usually preferred since the nucleation and growth processes are dependent on the applied potential and can be controlled externally. The rate of charge transfer at semiconductor surfaces is often slower than that at metal surfaces of due to the lower surface electron density which can significantly affect properties such as the adhesion and texture of deposits.
In this paper, we review the thermodynamic and kinetic aspects of deposition of metals onto semiconductors. We discuss the potential distribution at the semiconductor/solution interface, mechanisms for transfer of charge from semiconductors to metal ions in solution, semiconductor/metal contacts and the mechanisms of nucleation and growth. In addition, we summarize recent results on the deposition of copper, gold and platinum onto silicon. Figure 1 shows an energy band diagram for an n-type semiconductor in contact with a solution. For convenience, the redox couple is considered as donor and acceptor states with a Gaussian distribution of energy levels. The midpoint between the acceptor and donor states corresponds to the equilibrium energy, E O/R . Under equilibrium conditions the Fermi energy in the semiconductor is aligned with the equilibrium energy of the solution, resulting in the formation of a space charge layer at the semiconductor surface and a counteracting charge in the solution. The build up of charge on both sides of the interface leads to a potential drop over the space charge layer in the semiconductor and over the Helmholtz layer on the solution side of the interface. The potential drop across the space charge layer is equivalent to the built-in potential formed at a Schottky junction. In most cases of practical interest, under equilibrium conditions the surface is depleted of majority carriers and a depletion layer is formed. The theory of metal-on-metal deposition is well established [3] [4] [5] [6] [7] [8] ; however, the theory of deposition of metals onto semiconductors has not been well developed. In the context of the Gerischer model for the transfer of charge at semiconductor/electrolyte solution interfaces [9, 10] several situations can be identified. Figure 2 illustrates possible mechanisms for deposition of metals onto an n-type semiconductor. Figure 2 (a) shows the situation for a metal/metal ion redox couple with a sufficiently negative equilibrium potential (for example a transition metal) so that the acceptor levels have a large overlap with the conduction band edge. If the surface electron concentration in the conduction band is sufficiently high, electrons can be transferred to the metal ion in solution, resulting in deposition of the metal. In figure 2(b), electrons are transferred to the metal ion from surface states in the band gap of the semiconductor. Figure 2 (c) shows the situation for a metal/metal ion couple with a positive equilibrium potential (for example a noble metal), in which the acceptor states overlap with the valence band of the semiconductor. In this case, holes can be injected directly into the valence band, resulting in deposition of the metal. In the next section, we review the potential distribution at the semiconductor/solution interface and in subsequent sections we analyse the cases identified in figure 2.
Semiconductor/solution interfaces

Partitioning of the applied potential
The potential distribution at the semiconductor/solution interface is more complicated than that at the metal/solution interface since the applied potential is partitioned between the space charge layer of the semiconductor and the Helmholtz layer in solution. Under equilibrium conditions with no applied potential the Fermi levels of the semiconductor and the solution are equal, and the exchange current between the semiconductor and solution is due to the reversible redox process. If a reversible redox couple is not present in the solution, the partial oxidation and reduction reactions may be derived from different processes and, hence, define steady state conditions (at open circuit). In the absence of any other potential drops in the system (such as across an interfacial layer such as an oxide or across a diffuse double layer in solution), the total potential drop across the interface, φ total , is given by φ total = φ sc + φ H (1) where φ sc is the potential drop across the space charge layer of the semiconductor and φ H is the potential drop across the Helmholtz layer. 
where φ s sc is the electrostatic potential at the semiconductor surface, φ b sc is the potential in the bulk of the semiconductor and φ soln is the potential of the bulk solution. Hence, for the situation shown in figure 1, φ sc < 0 since the charge on the semiconductor is due to (positive) ionized donor atoms (depletion). In the absence of an interfacial layer and adsorption of charged species, φ sc and φ H have the same sign. The band bending is defined as e φ sc , where e is the electronic charge. The energy of an electron in the space charge layer is given by −eφ(x) where φ(x) corresponds to the electrostatic potential as a function of the distance from the surface.
We note that charged surface states, adsorption of charged species and storage of charge in interfacial (for example oxide) layers can significantly influence the potential distribution at the interface. For example, for many metal oxide or covalent semiconductors the H + /OH − adsorption equilibrium results in a Nernstian dependence of the position of the band edges on the pH [11] . In this section we analyse the case in which adsorption and the presence of interfacial layers or surface states can be neglected; the analysis can be extended to include these effects but they are not discussed here.
In semiconductor electrochemistry, the applied potential, U , is generally referenced to the potential at which the bands are flat, U 0 f b . For the case considered here, at an applied potential U = U 0 f b , the potential drops across the space charge layer and the Helmholtz layer are equal to zero, φ sc = φ H = 0. Note that, for a solid state metal/semiconductor Schottky junction, the applied potential is referenced to the built-in potential. The applied potential is partitioned over the space charge layer and Helmholtz layer and can be related to the electrostatic potential drops at the interface as follows:
Note that, in the presence of an interfacial layer, surface states or adsorbed species, φ total = 0 at U = U 0 f b . The partitioning of the applied potential over the space charge layer and Helmholtz layer is dependent on the relative magnitudes of the differential capacitance of the space charge layer, C sc , and the differential capacitance of the Helmholtz layer, C H , as shown in figure 3 . For potentials at which the semiconductor is in deep depletion (figure 3(a)), C sc is usually much smaller than C H . As a consequence, when the potential is shifted to more negative values, any change in the applied potential is dropped over the space charge layer. In this case, the potential drop over the Helmholtz layer is independent of the applied potential and the positions of the band edges at the surface are fixed ( figure 3(b) ). When the magnitude of the space charge layer capacitance approaches that of the Helmholtz layer, which occurs in weak depletion or in accumulation, a change in the applied potential is partitioned between the space charge layer and the Helmholtz layer ( figure 3(c) ). The fraction of the applied potential dropped across the space charge layer can be obtained in the following way. Under steady-state conditions at any applied potential, conservation of charge at the semiconductor/solution interface (assuming that the density of charged surface states is sufficiently low) can be expressed as
where Q sc is the charge in the space charge layer and Q H is the charge in the Helmholtz layer. The charge in the Helmholtz layer can be obtained from the Helmholtz layer capacitance and the potential drop over the Helmholtz layer. By definition, C H = |dQ H /d φ H | and, if it is assumed that the Helmholtz capacitance is independent of φ H [11, 12] ; then
The charge in the semiconductor space charge layer is proportional to the electrical field at the surface, ξ s , and can be obtained from Gauss' law and the Poisson-Boltzmann equation [13] :
where ε 0 is the permittivity of free space, ε is the relative permittivity, N D is the donor density (for an n-type semiconductor assuming complete ionization), k is the Boltzmann constant and T is the temperature. The minus sign corresponds to accumulation ( φ sc > 0) and the positive sign corresponds to depletion ( φ sc < 0). Substituting equations (5) and (6) into equation (4) gives
The dependence of the band bending, φ sc , on the applied potential, U , can be obtained by solving equation (7) for a given value of C H . It is convenient to define the dc potential drop over the space charge layer as a function of the applied dc potential in terms of the coefficient γ dc :
where γ dc is between 0 and 1. The flat band potential, U 0 f b , corresponds to the condition φ sc = 0. In practice, the flat band potential is usually obtained by extrapolation from capacitance measurements in deep depletion. However, in some cases, the value for the flat band potential, U f b , obtained by this method is not equal to U 0 f b (that is φ sc = 0 at U = U f b ) due to unpinning of the band edges. Band edge unpinning generally occurs in the weak depletion regime as a result of surface reactions (such as conversion of a hydrogen-terminated to a hydroxylterminated surface or vice versa [14] ), filling and emptying of surface states [15] [16] [17] , charging of an interfacial layer [18, 19] or partitioning of the applied potential as the magnitude of C sc approaches that of C H . In this paper, we consider only the last of these mechanisms.
The experimentally measured differential capacitance, C = |dQ/dU |, is usually determined as a function of the applied potential. The capacitance is generally measured using either a small signal transient technique or by recording the response of the current to a small periodic The potential distribution at the semiconductor/solution interface. Any change in the applied potential may result in a change of the potential drop across the space charge layer, φ sc , which is illustrated in (b), or across the Helmholtz layer, φ H , as shown in (c). In case (c), the band bending is unchanged but the band edges at the surface are shifted to a more negative potential (corresponding to higher energy).
potential perturbation (for example, in electrochemical impedance spectroscopy). At any applied potential, U , a change in the applied potential, dU , is partitioned over the space charge layer and the Helmholtz layer. Neglecting adsorption, interfacial layers and surface states, we can write
The partitioning of the applied potential, dU , between the space charge layer and the Helmholtz layer is determined by the relative magnitudes of the differential capacitances of the two regions. The non-steady-state partitioning can be described in terms of the fraction of the applied potential change, dU , dropped across the space charge layer, γ ac :
where γ ac is between 0 and 1. Using the definitions for the differential capacitances of the Helmholtz layer (C H = |dQ H /d φ H |) and the space charge layer (C sc = |dQ sc /d φ sc |), it can easily be shown that
The relationship between γ ac and γ dc can be obtained by differentiation of equation (8):
Both γ ac and γ dc are important parameters for analysis of the charge transfer kinetics at the semiconductor/solution interface since they determine how the potential is partitioned across the interface. The parameter γ ac is important in the analysis of measurements involving a small transient or a periodic perturbation, such as electrochemical impedance spectroscopy. In addition, γ ac determines, in part, the slope of current-potential curves (see the next section). The parameter γ dc is important in analysing the kinetics of reactions under steady state conditions, where the rate of reaction may be dependent on the magnitude of the band bending or the overpotential. Figure 4 is a plot of γ ac and γ dc versus the applied potential for n-type silicon with a donor density of 10 15 cm −3 calculated for a Helmholtz layer capacitance of 1 µF cm −2 . We note that values for C H of about 1-3 µF cm −2 have been reported in the literature [18] [19] [20] [21] [22] . From figure 4 it can be seen that γ dc decreases strongly at applied potentials negative of the flat band potential, illustrating that the band edges become unpinned and most of the applied potential is dropped over the Helmholtz layer. Figure 5 shows the band bending as a function of the applied potential for various values of C H illustrating that the band bending saturates at sufficiently negative potentials as the band edges become unpinned. It can be seen that, for C H = 1 µF cm −2 , the maximum band bending in the accumulation regime is limited to about 300 mV.
The differential capacitance of the space charge layer is defined as C sc = |dQ sc /d φ sc |. A general expression for C sc can be obtained by differentiation of equation (6):
Under deep depletion conditions such that φ sc 0, C sc ∝ 1/ √ φ sc . For a moderately doped semiconductor, C sc C H and the applied potential is mainly dropped across the semiconductor space charge layer (γ ac = 1 and γ dc = 1). In this potential range, φ sc can be replaced by
where C is the measured capacitance which, in this potential regime, is equal to the capacitance of the space charge layer, C sc . Equation (14) is often used for the determination of the flat band potential, U f b , the donor density, N D , and the position of the band edges. In the accumulation regime at sufficiently large band bending ( φ sc > 3kT /e), equation (13) reduces to
Equation (15) [23] . Note that φ sc reaches a magnitude of only 300 mV at applied potentials more negative than −0.5 V (versus U 0 f b ), depending on the value used for C H (see figure 5 ).
At potentials close to the flat band potential, C sc approaches the value of C H and the applied potential is partitioned between the two double layers (γ dc < 1). Under these conditions, γ dc (and hence φ sc ) must be known in order to obtain C sc from equation (13) . In semiconductor electrochemistry, the electrode potential is often given with respect to the flat band potential determined in deep depletion using equation (14) ; however, we emphasize that the flat band potential, U f b , is a potential dependent parameter since any shift in the band edges, due to surface reactions or partitioning of the applied potential, results in a shift in the flat band potential.
Charge transfer at semiconductor surfaces
In this section, we discuss the influence of the partitioning of the applied potential on the charge transfer kinetics at semiconductor surfaces for the three cases shown in figure 2.
Case 1: reduction of metal ions via the conduction band.
We begin by considering the two limiting cases of space charge layer control (γ ac = 1), in which the rate of reaction is controlled by the potential drop in the space charge layer, and Helmholtz layer control (γ ac = 0), in which the rate is controlled by the potential drop in the Helmholtz layer. We then derive general expressions for the influence of the partitioning of the applied potential on the charge transfer kinetics at semiconductor surfaces.
2.2.1.1. Space charge layer control. For the case in which a change in the applied potential is dropped across the space charge layer of the semiconductor (γ ac = 1), the rate of reaction is determined by the overlap integral of the density of states of the electron acceptor in solution and the electron concentration in the conduction band at the surface of the semiconductor. The current due to majority carriers in the conduction band for an n-type semiconductor, i cb , for a single-electron charge transfer process is given by [9, 10] i cb = ek
where k + cb and k − cb are the rate constants for oxidation and reduction, respectively, N C is the effective density of states in the conduction band, N red is the density of the electron donors in solution, n s is the electron density at the semiconductor surface and N ox is the density of electron acceptors in solution. The concentration of electrons at the surface, n s , is given by
where n 0 is the bulk electron concentration (n 0 = N D for completely ionized donors). If the rate of the oxidation reaction (ek + cb N C N red ) is sufficiently small, then the conduction band current is determined by the rate of the reduction reaction:
If the applied potential, U , is dropped over the semiconductor and the positions of the band edges at the surface are fixed then the potential drop over the space charge layer, φ sc , can be replaced by U − U f b , where U f b is the flat band potential. In this potential range, γ ac and γ dc are equal to 1 and n s increases with an inverse slope of 60 mV per decade according to equation (17) . Therefore, for a charge transfer reaction under space charge layer control, the inverse slope of a plot of log(i) versus the potential is 60 mV per decade. This is expected to be the case when a depletion layer is formed at the surface ( φ sc 0), namely at potentials positive to the flat band potential for an n-type semiconductor.
Helmholtz layer control.
For the case in which the applied potential is dropped over the Helmholtz layer (γ ac = 0), the reaction rate for a single-electron transfer process can be described by the Butler-Volmer equation [11] :
where α c is the cathodic transfer coefficient and η is the overpotential. For negative overpotentials, at which the reduction reaction dominates, equation (19) reduces to
The exchange current density, i 0 , is given by
1−αc (21) where N Av is Avogadro's number, k 0 is the rate constant at the standard equilibrium potential and N ox and N red are the density of the electron donor and acceptor levels, respectively. The overpotential, η, is defined as
where φ eq H is the electrostatic potential drop in the Helmholtz layer at the equilibrium potential, U eq (=E O/R , see figure 1 ). For many redox couples at metal electrodes α c is found to be about 0.5, leading to an inverse slope on a plot of log(i) versus potential of about 120 mV per decade.
2.2.1.3. The general case. The current-potential curve for a semiconductor in contact with a solution is given by the total differential of the current density, i, with respect to the applied potential [16, 17] :
Under depletion conditions, the second term on the righthand side in equation (23) can be neglected. This situation corresponds to space charge layer control. In weak depletion or accumulation, both terms have to be taken into account. Using equations (10), (18) and (20) , the inverse slope, dU/d log(i), is given by
In deep depletion γ ac = 1 and the inverse slope is 60 mV per decade, corresponding to the potential dependence of the density of electrons at the surface, given by the Boltzmann equation (see equation (17)). In the limiting case in which γ ac = 0 (C H C sc ), the inverse slope of the log(i) versus potential plot is equal to 2.303kT /(eα c ) as defined in the Butler-Volmer equation (see equation (19) ). For intermediate cases, the inverse slope increases from 60 mV per decade (γ ac = 1) to 120 mV per decade (for α c = 0.5). For example, in a situation in which half of the applied potential is dropped over the Helmholtz layer (γ ac = 0.5) and α c = 0.5, the inverse slope is equal to 80 mV per decade. At potentials close to U f b , γ ac is a strong function of the applied potential so that the inverse slope is expected to be potential dependent. However, for (U − U 0 f b ) < −0.5 V, γ ac is weakly dependent on the potential, as shown in figure 4 , so that a plot of log(i) versus U is expected to be linear.
This analysis shows that in order to determine kinetic parameters associated with reactions at semiconductor/solution interfaces, the partitioning of the applied potential across the space charge and Helmholtz layers must be known. For the specific case in which a change in applied potential is dropped across the space charge layer, the Marcus-Gerischer model may be used to determine the rate constants if the following conditions are satisfied: (i) the surface electron concentration can be calculated from analysis of the position of the band edges in deep depletion (for example Mott-Schottky analysis); (ii) the energy of the redox couple is such that the current-voltage curves can be analysed in weak depletion (usually at least 200-300 mV from the flat band potential); (iii) the density of surface states is sufficiently low; and (iv) the surface is stable in the solution. As a consequence, quantitative determination of rate constants at semiconductor/solution interfaces has been limited to specific cases; see for example [24] [25] [26] [27] [28] .
Equation (24) is a general expression for charge transfer at semiconductor electrodes involving outer sphere redox couples. For inner sphere reactions such as reduction of metal ions, the situation is more complicated since surface interactions must be taken into account. Nonetheless, since deposition of metals onto semiconductors usually occurs under conditions of weak depletion or accumulation, the partitioning of the applied potential is expected to have a significant effect on the rate of reduction of metal ions. Other factors, such as the mechanism of nucleation and growth, are discussed in more detail in section 4. Figure 6 is an energy band diagram for deposition of a metal onto an n-type semiconductor via electrically active, monoenergetic surface states. If the surface states are located at an energy above midgap, interaction with the valence band can be neglected. The occupancy of the surface states by electrons is dependent on the position of the Fermi level and hence on the applied potential. The capture of electrons from the conduction band (CB) by surface states, thermal de-trapping and transfer of electrons to the solution can be described by the following equations:
Case 2: reduction of metal ions via surface states.
where k 1 and k 2 are the rate constants for filling and emptying the surface states, respectively, and k 3 is the rate constant for transfer of electrons to the solution.
As the potential is shifted in the negative direction and surface states become filled, an additional charge of magnitude −es − appears at the semiconductor surface. As a consequence, under weak depletion conditions the total positive charge on the n-type semiconductor is reduced. In order to maintain electroneutrality, the charge on the solution also decreases, resulting in a decrease in the absolute magnitude of the potential drop across the Helmholtz layer. This, in turn, causes a shift of the band edges to higher energy. The change in the potential drop across the Helmholtz layer, φ ss H , can be estimated from
For example, for a Helmholtz capacitance of 1.6 µF cm
and a density of filled surface states of 10 10 cm −2 , the shift of the band edges is 1 meV and can be neglected. However, for surface state densities of 10 12 cm −2 or more, the shift of the band edges is of the order of 100 meV and must be to taken into account in the analysis of the potential distribution at the interface and the charge transfer kinetics [16, 17] .
The time dependence of the density of filled surface states, s − , can be described by where s 0 is the density of empty states. Under steady-state conditions it follows that
where s tot is the total density of interface states (s tot = s − + s 0 ). For deposition of metals via surface states, the nucleation process involves transfer of electrons from occupied surface states to the metal ion in solution with a rate proportional to k 3 s − N ox . As a result, this mechanism is expected to be important for deposition under conditions where the surface states are filled, corresponding to the situation in which the semiconductor Fermi level is above the energy of the surface states. At potentials close to the flat band potential k 1 n s is large (see equation (17)) and as long as k 1 n s k 2 and k 1 n s k 3 N ox then all surface states are filled (s − ≈ s tot ) and the electron transfer step is the rate limiting step. If the rate of transfer of charge from the surface states is sufficiently large then the surface states may act as nucleation sites for deposition of a metal; this would imply that the maximum nucleus density for deposition of a metal via surface states is limited by s tot .
For n-type silicon in aqueous fluoride solutions, monoenergetic surface states are present at an energy of about 0.4 eV below the conduction band edge at the surface [15, 22, 29] . The density of surface states is dependent on the pH as shown in figure 7 . At low pH the density of surface states is of the order of 2 × 10 10 cm −2 , implying a maximum nucleus density of the order of 10 10 cm −2 . The ability of surface states to act as nucleation sites for deposition of a metal is dependent on the electronic and chemical properties of the states.
To the best of our knowledge, there have been no reports showing unambiguously that deposition occurs via surface states.
In photocatalysis, metal islands on p-type semiconductors [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] have been shown to catalyse charge transfer processes such as the reduction of water. In this case the metal islands can be viewed as electronic surface states. Similarly, after nucleation of metal islands on a semiconductor surface it is likely that further growth takes place at the existing islands which can be interpreted as charge transfer through surface states.
Case 3: reduction of metal ions via the valence band.
For noble metal/metal ion couples with highly positive equilibrium potentials, the energy states of the metal ion are expected to overlap with the valence band and deposition can occur in the dark through injection of holes from the metal ion in solution, both on p-type and on n-type silicon. For a p-type semiconductor, the injected holes can either be transported to the external circuit, giving rise to a direct current, or they can be involved in an oxidation process. For an n-type semiconductor, holes can recombine with electrons in the conduction band, resulting in a deposition current (if the band bending is not too large), or, under conditions of deep depletion, the holes can be involved in an oxidation process such as etching of the semiconductor. If the positions of the band edges remain fixed during the deposition process, then, neglecting the back reaction, the deposition current is independent of the applied potential and is given by (29) where i vb is the current via the valence band and k vb is the rate constant. For the case of deposition of a metal via the valence band, if the holes injected from the metal ion can be consumed by an oxidation process, deposition can occur without an externally applied bias. The possible mechanisms for zero-current or electroless deposition are shown in figure 8: (i) the injected holes are consumed by oxidation of the semiconductor surface so that substrate atoms are replaced by metal atoms (displacement plating); (ii) the holes injected during deposition of metal are transferred to an electron donor in the solution; and (iii) the metal ion and the reducing agent in the solution react directly at catalytic sites at the surface without involvement of the substrate in the charge transfer process.
In the first case ( figure 8(a) ), the oxidation products must be soluble in the solution in order to prevent the formation of a passivating layer. For silicon this is possible in low-pH fluoride solutions. In principle, the thickness of the metal film is limited since the deposition process cannot continue once complete coverage is achieved. The morphology and adhesion of the deposit may be poor due to the simultaneous dissolution of the semiconductor and deposition of the metal. The second case ( figure 8(b) ) is not often encountered for the deposition of metals onto semiconductors since the rate of transfer of holes to the solution is usually slower than the trapping of holes at surface atoms, which is the first step in the oxidation mechanism. This situation is similar to the stabilization of semiconductor surfaces under illumination in photoelectrochemical energy conversion [12, 42, 43] . The third case (figure 8(c)) is often used in electroless deposition of metals onto semiconductors. In general, small clusters of palladium or some other activating metal are deposited by the displacement mechanism (figure 8(a)) and then act as catalytic sites for the reduction of the metal ion and oxidation of the reducing agent in solution. For this method to be successful and result in a continuous film, the density of catalytic centres should be high.
Electroless deposition of metals onto silicon is of interest in the electronics industry as a method for deposition of metals, but also because metal ion impurities in wafer cleaning solutions may result in unwanted deposition of metal nuclei that induce surface and electronic defects.
For example, trace concentrations of metal ion impurities (such as Cu 2+ ) in HF solutions can lead to electroless deposition of metal clusters that severely degrade the performance of gate oxides and dynamic RAM cells [44] [45] [46] . The deposition usually proceeds through injection of holes into the valence band and simultaneous, often localized, dissolution of silicon (mechanism (i)) [47] [48] [49] . From figure 2(c) it can be seen that electroless deposition of metal impurities can occur only when the metal ion donor states overlap with the valence band and, as a result, this process is usually limited to noble metals.
Electroless deposition of copper onto silicon has been reported in the literature [48, 49] , although the mechanism is more complicated insofar as the copper ion levels do not exhibit good overlap with the valence band. Consequently, low levels of illumination dramatically increase the nucleation of copper both on n-type and on p-type silicon [49] .
Electroless deposition of gold films onto III-V semiconductors (GaAs, InP, GaP and Al x Ga 1−x As) has been achieved on surfaces activated with palladium nuclei, where the palladium was deposited by electroless deposition (mechanism (i)) [50] . In these cases, deposition of gold onto the palladium clusters involved the simultaneous oxidation of KBH 4 according to mechanism (iii). Films deposited onto silicon using the same technique, however, exhibited poor adhesion [50] . Electroless nickel films can be deposited directly onto silicon without activation [51, 52] , although pre-roughening of the surface has been found to be essential to obtain good adhesion. Electroless deposition of gold, copper, tin, platinum and palladium onto p-type silicon through the displacement mechanism does not yield adherent metal films [53, 54] . There is also evidence for formation of silicides in some cases [54] . It has recently been shown that epitaxial copper films can be prepared by electroless deposition onto a silicon surface covered with an evaporated epitaxial copper seed layer [55, 56] .
These results illustrate the difficulty in using electroless plating for the deposition of thin metal films onto silicon. In the following sections we focus on the electrochemical deposition mechanism since it allows greater control over the deposition process and may be more successful for the deposition of thin continuous metal films onto semiconductor surfaces.
Silicon/metal contacts
Metal/semiconductor junctions are essential building blocks for microelectronic devices. The properties of Schottky junctions produced by sputter deposition or evaporation have been studied extensively over the past 20 years [57] . In contrast, there have been very few reports on the electrochemical deposition of Schottky junctions and most of these have been related to II-VI and III-V semiconductors [58] [59] [60] [61] [62] . In many cases, the barrier heights of electrochemically fabricated Schottky junctions have been found to be higher than those prepared by physical deposition techniques due to the presence of thin interfacial layers (for example, of oxide).
The quality of a Schottky diode is determined by the barrier height and the ideality factor. The barrier height is, in principle, determined by the difference between the work functions of the metal and the semiconductor but for covalent semiconductors it is generally found that the barrier height is determined by interface states that pin the Fermi level [57] . The method of deposition can strongly influence the interfacial chemistry and, hence, the barrier height.
Experimentally, the barrier height can be determined from the flat band potential, which can be obtained from impedance measurements in the deep depletion regime (reverse bias) according to the Mott-Schottky relation (equation (14)). The barrier height, B , is given by
where ξ is the energy gap between the conduction band edge (for an n-type semiconductor) and the Fermi level. The barrier height can also be obtained from current-potential measurements in the weak depletion regime (forwards bias). According to the thermionic emission model [57] , the relationship between the current density, i, and the applied potential, U , is given by
where
where i 0 is the saturation current density and A * * is the Richardson constant. The ideality factor, n, gives an indication of the electronic quality of the interface. For an ideal Schottky diode (n = 1), a plot of ln{−i/{1 − exp[eU/(kT )]}} versus U is linear with an inverse slope of 25.7 mV. The saturation current, j 0 , is obtained from the intercept and the barrier height can be determined from equation (32) . A review of the electronic properties of silicon/metal junctions can be found in [57] .
Nucleation and growth
The mode of growth for deposition of a metal onto a foreign substrate is dependent on the interaction energy between the adsorbed metal atom and the substrate and the difference in interatomic spacing between the bulk metal phase and the substrate [63] . In general, for any growth process the growth mechanism and the structure of the deposited film are determined by the relative rates of the particle flux and surface diffusion. Three different modes of growth can be identified: layer by layer (Frank-van der Merwe growth), 3D island formation (Volmer-Weber growth) and 2D layer deposition followed by the growth of 3D islands (Stranski-Krastanov growth). In many cases, deposition of metals onto semiconductors follows a 3D island formation mechanism of growth due to the weak interaction energy between the adsorbed metal atom and the semiconductor.
Mechanisms of nucleation and growth
The 3D island growth (Volmer-Weber) mechanism has been exploited in the deposition of metal islands onto semiconductor surfaces for photocatalysis. For example, platinum islands deposited onto p-InP and p-Si have been shown to enhance the rate of evolution of hydrogen and photoelectrochemical cells with efficiencies up to 12% have been fabricated [30] [31] [32] [33] . The density of electrochemically deposited metal islands on semiconductor surfaces is typically of the order of 10 7 -10 11 cm −2 [64] [65] [66] [67] [68] . The rate law for growth of 3D islands during electrochemical deposition is dependent on the mechanism of nucleation and growth. Models for electrochemical deposition onto a foreign substrate usually assume that nucleation occurs at certain specific sites on the surface [1, 3] and the nucleation mechanism is generally described in terms either of instantaneous or of progressive nucleation. If the rate of nucleation is fast in comparison with the subsequent rate of growth, then nuclei are formed at all possible growth sites within very short times and nucleation is considered instantaneous. Conversely, if the rate of nucleation is slow, then nucleation will continue to occur at the surface while other clusters are growing and nucleation is considered progressive; for the simple case of first-order nucleation kinetics, the number of nuclei increases linearly with time. We note, however, that, although experimental data have exhibited excellent agreement with these models, the nature of the nucleation sites has not been determined.
The potential dependence of nucleation.
For 3D island growth, electrochemical deposition of metals onto either semiconductor or metal surfaces proceeds through nucleation of metal clusters and subsequent growth of a film [63] . The thermodynamics of electrochemical nucleation is similar to that of nucleation from the gas phase. In both cases, the formation of thermodynamically stable nuclei occurs in the supersaturation regime. For electrochemical nucleation, the supersaturation can be described in terms of the difference between the electrochemical potentials of the solid metal, µ M(s) , and the dissolved metal ions in solution, µ M n+ (aq) . Experimentally, μ can be directly controlled by the applied potential and the following relation holds:
where z is the number of charges involved in the electrochemical process and |η| is the absolute overpotential; note that η is negative for (overpotential) metal deposition. For semiconductor electrodes, the term overpotential is generally not used since the applied potential is partitioned across the space charge layer and the Helmholtz layer. As a consequence, the potential dependences of the charge transfer processes are significantly different from those at metal surfaces, as was described in section 2.2.1. We will address this issue in more detail in section 6.3.4. In general, a nucleus needs to attain a critical size so that further growth is energetically more favourable than dissolution. The Gibbs free energy for the formation of a cluster of N atoms, G(N), is given by
where (N) is an excess energy term associated with the formation of the new interfaces and depends on the surface energies of the substrate and the cluster.
(N) may also contain terms associated with internal strain due to the lattice mismatch between the substrate and the cluster. Both terms in equation (34) are functions of the number of atoms in the cluster. For small clusters, (N) usually dominates and, as a consequence, G(N) increases with increasing N . The formation of a cluster can, therefore, only take place through thermal fluctuations. As the cluster size increases, N μ dominates so that the slope of the G(N ) versus N curve becomes negative and the cluster will grow spontaneously. The critical cluster size, N crit , is defined such that d G(N)/dN = 0. Assuming that (N) is determined by the surface energy terms and considering an arbitrary three-dimensional geometrical form, equation (34) can differentiated with respect to N . The overpotential dependence of the critical cluster size, N crit , for a single-electron-transfer deposition process is given by the following relation [63] :
where B is a geometrical factor (36π for a sphere, 6 3 for a cube), V m is the atomic volume and σ is the average specific surface energy. The associated critical energy for growth of a nucleus, G crit , is given by
The rate of nucleation can be represented by the classic Volmer-Weber equation [69] :
where the pre-exponential factor A 3D is only weakly dependent on the overpotential [63] . Combining equations (36) and (37) for three-dimensional nucleation leads to the following relation between the rate of nucleation and the overpotential:
This equation is used in the analysis of experimental results by plotting ln(J nucl ) versus |η| −2 . In general, the overpotential dependence of A 3D is neglected in this analysis. The overpotential dependence of the rate of nucleation is characterized by a threshold overpotential; as long as the absolute overpotential is smaller than this critical overpotential, the rate of nucleation is negligible. The critical overpotential for nucleation is often observed experimentally. Another useful relation is obtained by combining equations (35)- (37) and neglecting the potential dependence of A 3D :
Hence, by plotting ln(J nucl ) versus the overpotential the number of atoms required to form the critical nucleus size can be obtained from the slope; note that this is only possible for small overpotential regimes because N crit is a function of the overpotential. The classical approach described above is based on the bulk properties of the deposited metal. Various other theoretical treatments based on the kinetic approach first suggested by Becker and Doering [70] have been proposed. In these models, the formation of a cluster is treated as a sequence of attachment and detachment steps. In equilibrium, the rates of attachment and detachment are equal, whereas supersaturation leads to an increase in the rate of attachment and growth of the cluster. The smallcluster model developed by Walton [71, 72] and Stoyanov [73, 74] uses an atomistic probability approach in which no macroscopic quantities such as surface energy and volume are involved. The result of this theoretical analysis is an expression very similar to that obtained from the classical model [63] :
The pre-exponential factor A * 3D is independent of the potential as long as N crit is potential independent; the factor β depends on the mechanism of attachment. The total potential dependence of the rate of nucleation in an overpotential range in which N crit is constant according to the atomistic model is thus given by
The value of β in equations (40) and (41) (20)). If the mechanism is attachment of adatoms to the cluster, then β = 1. This stems from the overpotential dependence of the concentration of adatoms [63, 75] . Hence, by plotting ln(J nucl ) versus |η| the value of N crit can be determined; the result for a large critical cluster size is the same as that obtained from the classical theory since β is negligible in this case. Various experimental studies have been performed to determine the size of the critical nucleus for deposition of metals onto metals [75] [76] [77] [78] , and a few for deposition of metals onto semiconductors [67, 68] . For deposition of metals onto metals, the critical nucleus size determined from equation (39) or (41) is usually found to be fewer than ten atoms. This result suggests that the critical energy for formation of a stable cluster is very small. For deposition of metals onto semiconductors, the critical nucleus size has been reported to be close to unity, implying a barrierless nucleation process. However, the determination of |η| in equations (39) and (41) for semiconductor surfaces is not straightforward. The implications of this will be discussed in section 6.3.4.
The time dependence of nucleation and growth processes.
The nucleation mechanism and its rate are usually determined using current transient techniques. Upon applying a potential step from an initial potential at which the rate of nucleation is negligible to a fixed overpotential, the formation of stable nuclei and their growth can be observed directly by monitoring the current [79] . From the shape of the resulting current transient, information on the rate of nucleation, the density of nuclei and the mechanism of growth can be obtained.
In general, nucleation of a metal on a foreign substrate is assumed to take place at active sites on the surface, such as steps, kinks or other surface defects. The density of active sites, N 0 , represents the total number of possible sites for nucleation and may be potential dependent. The density of nuclei as a function of time, N(t), is usually described in terms of a linear growth law with a nucleation rate constant, A:
where N ∞ is the final density of nuclei (the total density of utilized active sites) under the experimental conditions. From these definitions, N ∞ ≤ N 0 at any given potential.
From equation (42) two limiting cases can be identified. If
A is large and At 1 at short times then N(t) = N ∞ immediately after the pulse. Conversely, if A is small and At 1 at short times then N(t) = AN ∞ t and the density of nuclei increases linearly with time. These two cases correspond to instantaneous nucleation and progressive nucleation, respectively.
The growth of nuclei can be kinetically limited, diffusion limited or under mixed control. In many cases, the overpotential used for nucleation and growth is relatively large, so that diffusion of metal ions to the surface is often rate limiting [80] [81] [82] [83] [84] [85] [86] [87] . At very short times, growth may be kinetically limited due to the large diffusion flux to small nuclei [88] . As the growth becomes diffusion limited, the diffusion zones around individual nuclei will start to overlap and linear diffusion to the surface may occur before nuclei impinge on each other. If the nucleation is progressive, the development of diffusion fields may block active sites for nucleation, leading to the situation in which N ∞ < N 0 . In addition to the potential dependence of N 0 , N ∞ is likely to be a function of the potential. In general, it is observed that the density of nuclei increases with increasing overpotential, which is a consequence of these two effects.
For progressive nucleation, the rate of nucleation can be determined from current transients; assuming that N(t) = AN ∞ t, the rate of nucleation is simply given by
Therefore, by determining AN ∞ as a function of the applied potential, the number of atoms required to form a critical nucleus can be obtained using equation (39) or (41) . Experimentally, the mechanism of nucleation and growth can be obtained from analysis of current transients at different deposition potentials. Models for current transients are based on various simplifications, although recent modifications have included a correction for shielding effects due to growing nuclei and mathematical treatments for other shapes and distributions of nuclei [86, 87] . In general, these refinements do not significantly affect the form of the transients for instantaneous nucleation, but can have an effect on the progressive nucleation model.
In the following, we restrict the discussion to the simple cases.
The time-dependent deposition current density (normalized for the geometrical surface area), i(t), for instantaneous nucleation followed by three-dimensional diffusion-limited growth is [80, 81] 
where D is the diffusion coefficient, c is the concentration of metal ions in the bulk solution, M is the molar weight of the deposit and ρ is the density of the film. Note that, for instantaneous nucleation, N ∞ should be equal to N 0 since all active sites are utilized immediately after the potential pulse. For progressive nucleation, the timedependent deposition current density is given by [80, 81] 
In both cases, the current initially increases with time due to 3D diffusion to an increasing surface area and then decreases as the diffusion zones around the growing nuclei start to overlap, resulting in a 1D diffusion-limited current. In some cases, the time required for the formation of nuclei of critical size may be significant, leading to an induction time.
The deposition mechanisms can be compared directly by rewriting the growth laws in terms of the maximum current, i max , and the time at which the maximum current is observed, t max . For instantaneous nucleation (44)- (47) is the time with respect to the onset of the deposition current; that is, t is corrected for the induction time, t 0 .
Verification of the mechanisms of nucleation and growth can be obtained through determination of the diffusion coefficient and comparison with known values. The diffusion coefficient of the metal ion, D, can be obtained from the product i 2 max t max [80, 81] . For instantaneous nucleation
For progressive nucleation:
The diffusion coefficient can also be obtained from analysis of the decay of the current at long times after the current peak. At sufficiently long times, linear diffusion to the electrode surface dominates the deposition rate and the current is described by the Cottrell equation; from equations (44) and (45) it can be seen that
Note that 1D diffusion-limited growth becomes dominant after the current peak at the point at which the exponential term in equations (44) and (45) become negligible. For instantaneous nucleation the growth current is 95% of the linear diffusion-limited current at a time t = 2.39t max . For progressive nucleation the growth current is 95% of the linear diffusion-limited current at t = 1.13t max . For instantaneous nucleation, the nucleus density, N ∞ , can be determined directly from the current transients using the following equation:
For progressive nucleation, the nucleation rate, AN ∞ , can be obtained from the maximum in the current transients:
The nucleus density, N ∞ , can be measured by deposition of sufficient material to image the nuclei by a suitable technique, such as SEM or TEM. For progressive nucleation and 3D diffusion-limited growth, N ∞ reaches a limiting value at t/t max 1 at which the diffusion fields for the nuclei overlap and transport of metal ions to the surface is one dimensional. Hence, in order to determine N ∞ , the deposition time needs to be sufficiently long in order to ensure that the final nucleus density is attained. These analyses can be used to quantitatively compare experimental results with the theoretical models, which we will show in section 6.3.
Deposition of continuous films onto semiconductor surfaces
The deposition of continuous metal films onto semiconductor surfaces can be difficult to achieve for various reasons. The interaction energy between metal adatoms and the semiconductor surface is generally small and deposition usually follows the 3D island growth mechanism. In order to obtain a continuous film, the density of nuclei must be sufficiently high for the islands to coalesce during further deposition of the metal. If the growth process is diffusion limited, however, any instabilities will lead to very rough morphologies. Hence, deposition of a continuous metal film requires a high density of nuclei followed by growth under kinetic or mixed control (namely at relatively low deposition currents). For the deposition of continuous metal films onto n-type semiconductors, the electron transfer step may be faster at metal nuclei and further film growth may be expected to occur preferentially at pre-existing metal islands. Indeed, this is the basis for photoelectrochemical cells in which a p-type electrode is covered with metal islands in order to increase the rate of evolution of hydrogen by utilizing photogenerated conduction band electrons [30] [31] [32] [33] [34] [35] [36] . For the deposition of continuous films onto p-type semiconductors through charge transfer via the conduction band, a high intensity of light may be required in order to obtain a sufficiently high surface electron density both for the nucleation and for growth processes. Note that deposition of thicker films onto p-type surfaces under illumination is complicated by the reflection from the deposited metal layer.
As a result, strategies for the deposition of continuous metal films onto semiconductor surfaces generally include an initial potential step involving the formation of a high density of nuclei, followed by growth at a low overpotential under conditions such that the flux of metal ions to the surface is not rate limiting.
Deposition of metals onto semiconductor/metal films
During deposition of metals onto semiconductor surfaces under conditions where the density of nuclei is sufficiently high, coalescence of the nuclei will result in the formation of a continuous film. In this case the semiconductor is isolated from the solution and subsequent growth is dependent on the properties of the metal film and the potential distribution across the interfaces. Figure 9(a) illustrates the steps involved in electrochemical deposition of a metal onto the semiconductor surface. Initially a metal ion reaches the surface and accepts electrons from the semiconductor; the adsorbed metal atom can then diffuse along the surface before becoming incorporated into a nucleus. Figure 9(b) shows the steps involved for deposition of a metal onto an existing continuous metal film. In this case the energetics and kinetics of the deposition reaction are very different because the semiconductor surface is no longer involved in the process.
As soon as metal nuclei are deposited onto a semiconductor surface, the energetics and kinetics of the system may change dramatically, depending on the nature of the semiconductor/metal contact. For example, if the surface coverage of the metal on the semiconductor is low, then the band bending may be spatially inhomogeneous [32, 58] . If the semiconductor/metal film results in the formation of a Schottky barrier, electrochemical stripping of the metal layer from an n-type semiconductor is not possible since electrons in the metal film have to be excited to the conduction band for dissolution to occur. An example of this behaviour is gold on n-type silicon (see figure 19 later). In some cases stripping can be achieved under open-circuit conditions when a suitable oxidizing agent is present [67] . In contrast, if an ohmic contact is formed on an n-type semiconductor, the dissolution of the metal by excitation of metal electrons to the conduction band can be very fast and a stripping or oxidation peak can be observed in the current-potential curve; an example of this mechanism is indium on n-type InP [89] . In the case of deposition of metals onto p-type semiconductors, a stripping peak is usually observed due to the transfer of valence band holes, which are the majority carriers, to the metal at sufficiently positive potentials [90] . In addition to these energetic considerations, the kinetics of reactions at metal islands and semiconductor surfaces usually differ considerably, leading to a spatial dependence of rates of reaction at surfaces covered with metal nuclei.
From the above discussion it can be seen that the energetics and kinetics of redox reactions at metallized semiconductor surfaces are very complicated [32, 58, 61, 62] and the presence of two interfaces has important consequences. Under equilibrium conditions, the Fermi energies of the semiconductor, metal and redox couple in the solution are the same. The metal layer is not directly connected to the external circuit and, consequently, upon applying a potential the Fermi level of the metal layer can remain aligned with that of the semiconductor or with that of the redox couple, or it can be at some intermediate position. Kinetically, this can be viewed as being dependent on the rates of transfer of charge between either the solution and the metal or the semiconductor and the metal.
Silicon
Silicon surfaces
In any deposition process, the surface chemistry and morphology play important roles in determining the structure and properties of the deposit. For deposition of metals onto silicon, the experimental conditions should be such that oxide formation is avoided and the surface should be stable during the deposition process. This can be achieved by careful selection of the deposition solution and by avoiding strongly oxidizing conditions. The most widely used technique is hydrogen passivation of the surface.
The hydrogen-passivated silicon surface is obtained by immersion in HF/NH 4 F solution, in which the final step after dissolution of oxide is the formation of Si-H x surface bonds [91] [92] [93] . The morphology and surface chemistry are dependent on the crystal orientation and the pH of the etching solution. The hydrogen-terminated (111) surface is characterized by a very low density of surface states and a low surface recombination velocity [22, 91, 94] hydrogen-passivated surface is stable over a wide potential range; however, at positive potentials local etching leads to the formation of a porous layer [98] . In NaOH solutions (pH 14) the surface is stable at potentials negative relative to the open-circuit potential [99] [100] [101] .
The energy of the electron acceptor
From the preceding discussion it is clear that the mechanism of the deposition process is dependent on the energetic position of the acceptor states in solution with respect to the band edges of the semiconductor. Consequently, the mechanism of deposition can be controlled by modifying the position of the band edges or the equilibrium potential of the metal/metal ion couple. In one approach, the energetics of the metal/metal ion couple can be tuned by complexation of the metal ion. Figure 10 shows the equilibrium potential for various metal ion complexes [102, 103] with respect to the position of the band edges in silicon. In the second approach, the position of the band edges of the semiconductor can be shifted by adsorption or derivatization of the surface; for example, for some semiconductors, the flat band potential exhibits a Nernstian dependence on pH due to adsorption of H + /OH − [12] . Figure 10 shows the energetic position of the band edges of silicon for a 1 M fluoride solution at pH 2 and for 1 M NaOH, of which the pH is 14. H 3 BO 3 and 9.6 g l −1 HBF 4 (full line) at a scanning rate of 10 mV s −1 . Also shown is a current-potential curve for silicon in the same solution without Cu 2+ (broken line).
Deposition of copper, gold and platinum onto silicon
Copper on silicon
peak, the current again increases at a potential of about −0.8 V (Ag/AgCl) due to the reduction of water at the copper clusters on the surface. Also shown in figure 11 is a current-potential curve for n-type silicon in the same solution in the absence of copper ions, illustrating that the onset of the hydrogen evolution current occurs at about −0.9 V (Ag/AgCl). In the potential range where evolution of hydrogen occurs, however, the current density at a surface with copper clusters is higher than that at the silicon surface.
The reverse scan in figure 11 shows a deposition current of about 0.8 mA cm −2 due to the continued growth at copper clusters. The potential difference between the current onset in the forwards and reverse scans is related to the nucleation barrier. The reverse scan does not exhibit an anodic peak, which confirms that electrochemical stripping of the copper layer is not significant in the dark due to the large barrier height (about 0.6 eV) of the n-Si/Cu junction. In order to dissolve the copper, electrons must be excited from the Fermi level of copper into the conduction band; however, this is a slow process. In some cases, depending on the metal and the composition of the solution, the metal layer can be dissolved chemically. For example, Scherb and Kolb [67] used reflectance spectroscopy in conjunction with electrochemical measurements to show that copper electrodeposited onto n-GaAs is chemically dissolved in a chloride solution whereas this does not occur in a sulphate solution. For the solution used here, this effect is not expected and we did not observe chemical dissolution of deposited copper layers. Figure 12 shows a series of deposition transients for deposition of copper from 7.5 mM CuCO 3 ·Cu(OH) 2 . All the transients exhibit an initial increase in current due to nucleation followed by a decrease in current associated with diffusion-limited growth. In this solution, nucleation is relatively slow and the peak current is well separated from double layer charging. Figure 13 shows the deposition transient at −0.8 V (Ag/AgCl) plotted in dimensionless form, indicating the good agreement with the model for instantaneous nucleation followed by 3D diffusion-limited growth. Figure 14 is a dimensionless plot of the transient at −0.35 V (Ag/AgCl) which is consistent with the progressive nucleation model. Analysis of transients at potentials between these two values revealed behaviour intermediate between the two limiting cases. This result suggests that, at deposition potentials negative relative to −0.8 V (Ag/AgCl), the nucleation sites become saturated after short times in comparison with the transient peak.
The density of nuclei can be calculated from t max and i max for the case of instantaneous nucleation observed at −0.8 V (Ag/AgCl) using equation (51) . The density of nuclei was determined to be 3 × 10 7 cm −2 which is of the same order of magnitude as values reported in the literature for nucleation of copper on GaAs [67, 68] .
The value of the diffusion coefficient, D, was obtained from the product i Figure 15 shows the decay portion of the deposition transient at −0.8 V (Ag/AgCl) plotted as i versus t −1/2 . Figure 15 shows a linear region from about 50 ms up to the end of the data record after about 2 s. In this case, the current peak occurred at 19 ms, indicating that 1D diffusion-limited growth becomes dominant at about 2.5t max , which is in agreement with the prediction for instantaneous nucleation. From the linear region shown in figure 15 , the diffusion coefficient was calculated to be 2.1×10 confirms that the models of nucleation and growth used are applicable in this case. The slightly higher value found at −0.8 V is probably due to co-reduction of H + to H 2 .
Platinum on silicon
We have deposited platinum films onto n-type silicon (100) ,
. The films were deposited from 10 mM (NH 4 ) 2 PtCl 6 in 0.41 M HNa 2 PO 4 adjusted to pH 4 by adding 49 wt% HF. The presence of HF eliminates formation of an interfacial oxide as long as the applied potential is sufficiently negative. Analysis of the mechanism of deposition was not possible since the platinum deposition current could not be deconvoluted from the hydrogen evolution current (evolution of hydrogen is strongly catalysed on platinum). Slow deposition of platinum onto p-type silicon in the dark was observed, indicating that platinum can be deposited by hole injection. Platinum can also be deposited onto n-type silicon by the displacement method (case (i) in figure 8 ), which is consistent with the energetic situation shown in figure 10 . However, at sufficiently negative potentials, the density of electrons at the surface is high and injected holes may recombine quickly with conduction band electrons, resulting in a deposition current. In addition, the transfer of conduction band electrons to the solution may be able to compete with the hole injection process. In both cases, the oxidation of the silicon surface is minimized. This situation is similar to the case for deposition of platinum onto n-type GaAs [66] .
The deposition of thin, continuous platinum films onto n-type silicon was achieved using two potential steps: first, a 20 ms potential pulse from the open-circuit potential (about −0.9 V (relative to Pt)) to −2.7 V (Pt); and second, a pulse of about 10 min to −1.0 V (Pt). The first step ensures a large density of nuclei and during the second step the layer was grown at a kinetically limited rate. The platinum films deposited by this method were uniform and smooth and had good adhesion to the silicon substrate, as shown in figure 16 . In contrast, platinum films deposited onto n-type silicon by electroless deposition exhibit poor adhesion [54] . Figure 17 is a Mott-Schottky plot for an electrochemically fabricated n-Si/Pt contact. The donor density obtained from the slope of the Mott-Schottky plot in figure 17 corresponds to the value obtained from resistivity measurements. From the intercept with the potential axis and the donor density a barrier height of 0.81 eV is obtained. This value is in good agreement with values reported for junctions fabricated by vapour deposition of the platinum layer [57, 104] . Figure 18 shows the forwards current-voltage curve on a semi-logarithmic plot. The plot is linear with an inverse slope of 27.3 mV, corresponding to an ideality factor of 1.06. The low ideality factor indicates a highquality junction with a low density of interface states. The intercept at zero bias gives the saturation current density and, by using equation (32) , a barrier height of 0.82 eV is found, which is in good agreement with the value obtained from the impedance measurements. The current in the reverse bias regime (not shown) was within a factor of two of the saturation current density up to a voltage of 1.5 V, indicating that the interface is of high electronic quality.
Gold on silicon
The standard equilibrium potential for the AuCl Figure 19 shows a current-potential curve for (100) oriented n-type silicon, N D = 10 15 cm −3 (ρ = 4 cm) in 10 mM KAu(CN) 2 with 1 M KCN (pH 14) in the dark. Also shown is a current-potential curve for 1 M KCN (pH 14). In the KCN solution, the onset of evolution of hydrogen occurs at about −1.7 V (Ag/AgCl). In KAu(CN) 2 solution, the current increases sharply at about −1.3 V (Ag/AgCl) due to the nucleation and growth of gold on silicon. The current goes through a maximum as diffusion of Au(CN) − 2 to the surface becomes rate limiting and, at more negative potentials, evolution of hydrogen is observed. The reverse scan implies a nucleation barrier of about 0.3 V. The reverse scan does not exhibit a stripping peak due to the large barrier height for the silicon/gold contact. After multiple cycling, a gold film was present on the surface, however, the adhesion was generally poor. Deposition of gold onto p-type silicon from this solution occurs only under illumination, confirming that deposition proceeds through transfer of electrons from the conduction band. Figure 20 shows a series of current transients at potentials in the range −1.45 V (Ag/AgCl) to −1.70 V (Ag/AgCl). The experiments were performed by stepping the potential from −1.1 V (Ag/AgCl), at which no deposition occurs on the silicon surface. The transients show a charging peak at t < 1 ms which is followed by the nucleation and growth current. For clarity, the charging peaks are not shown in figure 20 . For deposition potentials in the range −1.30 V (Ag/AgCl) to −1.60 V (Ag/AgCl) the current at t > 1 s is limited by diffusion of Au(CN) − 2 to the surface, whereas at potentials more negative than −1.60 V (Ag/AgCl) an additional current due to evolution of hydrogen is observed. After nucleation, the current corresponding to deposition of gold is kinetically limited in the potential range from −1.10 V (Ag/AgCl) to −1.25 V (Ag/AgCl). Figure 21 shows the transients at growth potentials of −1.45 V (Ag/AgCl) and −1.7 V (Ag/AgCl) in reduced form, illustrating that the nucleation of gold on silicon in the KAu(CN) 2 with KCN solution follows a progressive nucleation mechanism. distribution in nucleus sizes which is in agreement with the progressive nucleation mechanism. The density of nuclei under these experimental conditions is about 5 × 10 8 cm −2 , but it should be noted that smaller clusters not observed at this magnification may be present. The density of nuclei is relatively low at this potential; at potentials negative with respect to the peak potential in the current-potential curve, the density of nuclei increases to about 4 × 10 9 cm −2 and saturates at this value [106] . Figure 23 shows the dependences of t max and i max on the deposition potential on a semi-logarithmic plot, illustrating that both parameters are exponential functions of the potential. The inverse slopes of the log(t max ) and log(i max ) versus potential plots are 140 mV per decade and −280 mV per decade, respectively. The product i 2 max t max for these two slopes is therefore potential independent, implying that the diffusion coefficient for Au(CN) − 2 is also constant (equation (49)). From this value the diffusion coefficient for Au(CN) − 2 was determined to be about 2 × 10 −5 cm 2 s −1 . The expressions for t max and i max for progressive nucleation are obtained from equation (45):
Current transients.
It can be seen from equations (53) and (54) that the potential dependences both of t max and of i max in this analysis are determined by the potential dependence of AN ∞ since all other terms are independent of the potential. In accordance with the experimental results, the magnitude of the slope of the log(i max ) versus potential plot should be twice as large as and of opposite sign to that of the log(t max ) versus pulse potential plot. Figure 24 shows ln(AN ∞ ) versus the pulse potential, where AN ∞ was obtained using equation (52) . A straight line is obtained in agreement with equations (39) and (41), which relate the rate of nucleation to the overpotential according to the classical and atomistic theories, respectively. The relationship is linear over a potential range of 0.25 V, which is somewhat surprising since N crit should decrease with increasing overpotential according to equation (35) . However, differentiation of equations (53) and (54) shows that the slopes of the plots shown in figure 23 are consistent with the slope of the ln(AN ∞ ) versus potential plot. The slope in figure 24 is −32.7 V −1 , which corresponds to N crit = 0.84 in the classical nucleation model and N crit = 0 in the atomistic model (β is expected to be between 0.5 and 1). This result suggests that there is no barrier for nucleation in this potential range. However, nucleation of metals on semiconductor substrates may present various complications which we will discuss in section 6.3.4. It should be noted that there is no additional information in the potential dependence of t max and i max if the analysis in terms of the conventional theories for deposition of metals onto metals is used.
Properties of Si/Au dry contacts and Si/Au electrodes in solution.
In order to obtain continuous, adherent films, special care must be taken to ensure a large density of nuclei and a kinetically limited deposition rate for the growth of the film. Using this method, high-quality gold films were obtained. Measurements of silicon/gold dry contacts showed that the barrier height is about 0.82 eV, which is consistent with the observation that there is no stripping peak in the current-potential curve in this solution (see figure 19) . Current-potential measurements on the dry junctions gave the same barrier height with an ideality factor of about 1.15-1.2, indicating high electronic quality.
In order to study the potential distribution at goldcovered silicon electrodes, the potential of the gold film can be measured independently versus the reference electrode as a function of the potential applied to the silicon. curve of the silicon/gold film is similar to that of silicon surfaces: at positive potentials the anodic current is small since the density of holes (minority carriers) is low, whereas at negative potentials a cathodic current is seen due to the reduction of water through electron transfer from the conduction band via the gold layer. The small plateau current is probably due to reduction of oxygen and/or generated Fe(CN) 3− 6 . Figure 25 surface at the same pH [18] . Figure 25 4− redox couple. At negative potentials between 0 and −0.4 V (Ag/AgCl), the capacitance-potential plot has a plateau, indicating that the band bending does not change with the applied potential. From figure 25(c) it can be seen that in this potential range, the gold potential changes linearly with the applied potential with a slope of unity. These results can be explained as follows. At positive potentials, electrons from the gold layer must be excited into the conduction band of the silicon for the Fermi levels of the gold and silicon to remain aligned. The exchange current of the redox couple is much faster than injection of electrons into the semiconductor and, hence, the redox couple determines the Fermi level of gold. The Mott-Schottky plots show that all the applied potential is dropped over the silicon space charge layer and hence the potential drop over the Helmholtz layer between the gold and the solution is independent of the applied potential.
At negative potentials, figure 25(c) shows that the potential of the gold layer is determined by the semiconductor. In this case, the band bending is sufficiently small that a large forwards current can maintain the Fermi level of gold equal to that of the silicon. As a result, all the applied potential is dropped across the Helmholtz layer at the gold/electrolyte interface and the band bending is independent of the applied potential. Hence, in the absence of interfacial layers and surface states, the potential distribution at metal-covered semiconductor electrodes can be analysed using the description for the potential distribution at semiconductor/solution interfaces discussed in section 2.1. The presence of the metal layer provides an opportunity to determine the dependence of the potential drop over the Helmholtz layer at the metal/solution interface, which is not possible for bare semiconductor surfaces.
The maximum current that can flow through the silicon/gold junction can be estimated from the thermionic emission current. The band bending in the potential range for which the applied potential is dropped across the gold/electrolyte interface (U < 0 V (Ag/AgCl)) can be estimated from the flat band potential and figure 25(c) to be about 0.52 eV. The forwards current on a dry n-type silicon/gold Schottky junction at this band bending is about 2.6 mA cm −2 (see equations (31) and (32); using U = −0.3 V and n = 1.15) which is sufficiently large to reduce water.
6.3.4.
Discussion of nucleation and growth of gold on silicon. In order to apply the analysis of the transient parameters as a function of the deposition potential in terms of N crit for semiconductor electrodes, the overpotential needs to be defined as a function of the applied potential. The overpotential is equal to the potential difference between the Fermi level of the semiconductor or metal and the Nernst potential of the metal/metal ion redox couple. At semiconductor surfaces, the kinetics of deposition at small overpotentials depend on the band bending in the semiconductor under equilibrium conditions as shown in figure 1 . As discussed in section 2.2.1, the rate of charge transfer may be controlled either by the space charge layer or by the Helmholtz layer. In the case of space charge layer control, the built-in potential determines the density of conduction band electrons at the surface and; hence, the rate of deposition. As a consequence, for the case of direct transfer the value of β in equation (41) need not be determined by the Butler-Volmer equation (equation (20)) insofar as the rate-limiting step for attachment of the atom converting the cluster to a critical cluster may be determined by the potential dependence of the electron density at the surface, n s . This is especially true when N crit < 1, since the attachment of the first atom has to correspond to the transfer of an electron from the silicon to the solution. For the case in which the applied potential, U , is dropped entirely over the semiconductor and (U − U eq ) = η, the following relation holds:
where i is the current density for the mechanism of direct electron transfer from the conduction band to the solution. As a consequence, for the case in which the mechanism of attachment is direct electron transfer, β = 1 (instead of α c ).
In general, however, the potential distribution at the semiconductor/solution interface is more complicated. At negative potentials, the semiconductor capacitance increases upon shifting the potential to more negative values.
Consequently, the applied potential may be partitioned over the space charge layer and the Helmholtz layer, as discussed in section 2.1. In the previous section it was shown that, for a silicon surface covered with a gold film in solution, the applied potential is dropped across the Helmholtz layer at the gold/solution interface at sufficiently negative potentials. Similarly, since nucleation occurs at large negative potentials, the applied potential is likely to be partitioned, which would result in a mixing in of the transfer coefficient α c through the parameter γ ac , as described in section 2.1 and equation (12) . In this case, the value of β would be determined by the value of γ ac .
As a consequence of the built-in band bending at equilibrium, the kinetics for charge transfer and, hence, nucleation are generally slow. It has been shown that the exchange current density at semiconductor surfaces is often orders of magnitude lower than that at metal substrates [16] . As a result, electrochemical deposition of metals is usually characterized by a large critical overpotential for nucleation. This is also observed for nucleation of gold on silicon, for which the nucleation overpotential was found to be about 300 mV. For deposition of metals onto metal substrates, the critical overpotential is usually on the order of 3-10 mV [63] and deposition potentials are usually in the range 5-100 mV. Figure 20 shows that the current transients recorded for the nucleation of gold were in the overpotential range 0.4-0.8 V. Equation (35) shows that the number of atoms required to form a critical nucleus is proportional to |η| −3 , hence, it is not surprising that N crit may be very small for deposition onto semiconductors.
A further complication arises from the semiconducting properties of the substrate.
For example, electron transfer from a metal nucleus to an n-type semiconductor, corresponding to dissolution of the nucleus, may be very slow due to the absence of holes in the valence band.
For deposition of metals onto metal substrates, an ohmic contact is always formed; this is not generally true for semiconductors. Gold, platinum and, to a lesser extent, copper form rectifying contacts on n-type silicon, as was shown in previous sections. Hence, in order for an electron to be injected from the metal into the conduction band, a large energy barrier has to be overcome. As a consequence, the deposition reaction is not reversible; when an atom of metal is deposited onto a semiconductor substrate, it cannot be dissolved electrochemically [68] . This makes the concept of a critical nucleus size somewhat questionable insofar as it assumes equilibrium between the reduction and oxidation processes.
As a final remark, the electrical properties of metal films on semiconductors are fairly well documented; however, the properties of a semiconductor surface with small metal clusters are largely unknown. The properties of the semiconductor/metal cluster/solution system may be very important in determining the mechanisms of nucleation and growth and thus the ability to fabricate adherent, continuous metal films on semiconductors.
Summary
In this paper, the thermodynamics and kinetics of deposition of metals onto semiconductor surfaces from solution are discussed. We have analysed the potential distribution at the semiconductor/solution interface and the influence of the band structure of semiconductors on charge transfer mechanisms is described.
Metal deposition can be achieved by three processes: electron transfer from the conduction band to metal ions in solution (n-type semiconductors or illuminated p-type semiconductors), electron transfer from surface states to the solution and electron transfer from the valence band to the solution, namely injection of holes. The advantages and disadvantages of these mechanisms have been discussed. In some cases, the mechanism can be tailored by choice of the solution: the positions of the band edges of many semiconductors shift in a Nernstian fashion with the pH and the potential of the metal ion/metal redox couple can be adjusted by complexation of the ion. As an example, it was shown that gold can be deposited onto n-type silicon either via the valence band, using AuCl As soon as metal nuclei are deposited onto a semiconductor surface, the energetics and kinetics of further deposition change. Various effects may play a role: the metal nuclei can act as catalytic sites for charge transfer processes and, hence, further deposition may be more favourable at existing nuclei. It has been shown previously that this can be interpreted as charge transfer via surface states. In addition to this enhancement of kinetics, the energetics of the interface also change: depending on the particular system, the metal deposit may form either an ohmic contact or a Schottky barrier. This has a large effect on the deposition characteristics of a metal layer and complicates the application of conventional theories to electrochemical deposition of metals onto semiconductors.
The properties of metal-coated semiconductor electrodes determine the energetics and kinetics of electroplating of thicker films and direct measurements of the potential of the metal during experiments provide useful information. Since there is no external contact to the metal layer under the experimental conditions, the potential of the metal layer is determined by the relative rates of charge transfer at the semiconductor/metal interface and at the metal/solution interface. An example of this situation was presented for n-Si/Au electrodes in K 4 Fe(CN) 6 solution. It was shown that, at positive potentials, the potential of the gold films is pinned to the equilibrium potential of the redox couple, whereas at negative potentials the potential of the gold layer is equal to that of the silicon. These results could be explained by invoking the high Schottky barrier between n-type silicon and gold.
The theory of nucleation and growth for deposition of metals onto metals or semiconductors was reviewed in detail. Nucleation and growth onto semiconductors usually follow either instantaneous or progressive nucleation and subsequent diffusion-limited growth of the nuclei. We discussed experimental methods to determine the rate of nucleation for progressive nucleation and the density of nuclei for instantaneous nucleation. The potential dependence of these parameters was discussed in the framework of several models. It was shown that, for the solutions used in this work, deposition of gold onto n-type silicon follows progressive nucleation, whereas for deposition of copper instantaneous nucleation is observed at sufficiently negative potentials. The nucleation of gold was analysed in detail and it was found that the critical nucleus size is smaller than one atom: the physical interpretation of this result and possible explanations were discussed.
The results of the experimental studies on deposition of gold, copper and platinum were used to determine the conditions required to deposit adherent, continuous metal films on silicon forming a contact of high electronic quality. It was shown that a large density of nuclei is needed and that the rate of growth should be kinetically limited in order for the nuclei to coalesce. This method proved to be successful in the three cases presented here.
